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ABSTRACT
We analyze resolved stellar near-infrared photometry of 21 HST fields in M31 to constrain the impact
of metallicity on the formation of carbon stars. Observations of nearby galaxies show that the carbon
stars are increasingly rare at higher metallicity. Models indicate that carbon star formation efficiency
drops due to the decrease in dredge-up efficiency in metal-rich thermally-pulsing Asymptotic Giant
Branch (TP-AGB) stars, coupled to a higher initial abundance of oxygen. However, while models
predict a metallicity ceiling above which carbon stars cannot form, previous observations have not
yet pinpointed this limit. Our new observations reliably separate carbon stars from M-type TP-AGB
stars across 2.6–13.7 kpc of M31’s metal-rich disk using HST WFC3/IR medium-band filters. We
find that the ratio of C to M stars (C/M) decreases more rapidly than extrapolations of observations
in more metal-poor galaxies, resulting in a C/M that is too low by more than a factor of 10 in the
innermost fields and indicating a dramatic decline in C star formation efficiency at metallicities higher
than [M/H] ≈ −0.1 dex. The metallicity ceiling remains undetected, but must occur at metallicities
higher than what is measured in M31’s inner disk ([M/H] & +0.06 dex).
Keywords: galaxies: individual (M31)—infrared: stars—stars: AGB and post-AGB—stars: carbon—
stars: evolution
1. INTRODUCTION
Stars with initial masses of ≈0.8–8 M will pass
through the thermally-pulsing Asymptotic Giant Branch
(TP-AGB) phase at the end of their evolution. The TP-
AGB phase not only determines the subsequent evolu-
tion of the star (primarily due to strong mass loss), but
also has a considerable impact on the evolution and
appearance of the host galaxy. TP-AGB stars are a
significant contributor to galaxy chemical enrichment of
light elements and heavy s-processes elements (Karakas
& Lattanzio 2014; Fishlock et al. 2014; Cristallo et al.
2015) and to a galaxy’s dust budget (Matsuura et al.
2009; Boyer et al. 2012; Zhukovska & Henning 2013;
Schneider et al. 2014; Srinivasan et al. 2016). TP-AGB
stars are also among the brightest objects in galaxies,
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especially in the near-infrared, and thus contribute up
to 70% of a galaxy’s total integrated light (Melbourne
et al. 2012; Melbourne & Boyer 2013). The physics
of TP-AGB stars therefore has major implications for
galaxy properties derived from rest-frame near-infrared
light (e.g., Conroy et al. 2009; Johnson et al. 2013;
Baldwin et al. 2017).
Unfortunately, TP-AGB stars are simultaneously im-
portant and notoriously difficult to model, due to com-
plex processes such as pulsation (both dynamic and
thermal), mass loss, convection, and dredge up. Adding
to the difficulty is a dearth of observational constraints
for AGB models. The paucity of usable observations is
rooted in 1) small populations and small number statis-
tics due to their short lifetime and 2) the historic dif-
ficulty in obtaining infrared observations of individual
stars in star-forming galaxies in and beyond the Local
Group.
Recent work has provided new advances in describing
the TP-AGB phase in metal-poor environments (Ven-
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Figure 1. Spitzer 8-µm image of M31 showing the PHAT footprint (outer black outline), the pilot field (red; B13), and the
20 fields observed here (136′′× 123′′). Yellow dots are spectroscopically-confirmed carbon stars from SPLASH (Hamren et al.
2015). The approximate location of the 5, 10, and 15 kpc star-forming rings are marked for reference.
tura & Marigo 2010; Marigo et al. 2013; Rosenfield
et al. 2014, 2016; Pastorelli et al. 2019; Nanni et al.
2016; Karakas et al. 2018), but metal-rich models re-
main poorly constrained. In the Milky Way, TP-AGB
stars have intrinsically uncertain Gaia distances due to
the motion of large convection cells (Chiavassa et al.
2011, 2018), making their infrared luminosities unreli-
able. This limitation makes it impossible to use Galac-
tic TP-AGB stars to constrain high metallicity mod-
els. The next most nearby metal-rich environment is
the Andromeda Galaxy (M31), which has recently been
observed with high precision in the near-infrared by
the Panchromatic Hubble Andromeda Treasury (PHAT)
program (Dalcanton et al. 2012b). The PHAT program
provides a large population of easily observable, high
metallicity TP-AGB stars at a common distance.
In this work, we target several fields in the region of
M31 observed by the PHAT program with observations
designed specifically to identify the two main TP-AGB
stellar types: carbon-rich (C type) and oxygen-rich (M
type). Separating these two stellar types is key for cal-
ibrating the third dredge up process, which critically
determines when a star becomes carbon rich and hence
affects the onset of the final phases of enhanced mass
loss. The formation of C stars is favored at low metallic-
ities because (1) less oxygen is available to bind dredged-
up carbon into the CO molecule, and (2) the depth of
the third dredge up events increases at low metallicity
(Karakas et al. 2002). This varying efficiency directly
reflects in the ratio of C to M stars (C/M), which is
observed to be anticorrelated with metallicity. At high
metallicity, theoretical models indicate that the onset
of the superwind phase terminates the TP-AGB phase
before the star goes through enough dredge-up events
to become C-rich (Weiss & Ferguson 2009; Marigo et al.
2013), resulting in a predicted metallicity ceiling for car-
bon star formation. The COLIBRI models (Marigo et al.
2013), for example, predict that this metallicity ceil-
ing occurs somewhere between [M/H] = +0.1 and +0.4
(Boyer et al. 2013). However, the exact value of this
upper limit in metallicity for the formation of C stars is
highly sensitive to uncalibrated model details.
Here, we provide the first observations of TP-AGB
stars in a metal-rich environment (M31) capable of pro-
viding comprehensive model calibrations of the third
dredge up and the C star metallicity ceiling as a follow-
up to the pilot program, described in Boyer et al. (2013).
In this first paper, we describe the survey design (§2),
the observations and stellar classification (§3), and de-
scribe the resulting C/M in the context of the other
nearby galaxies (§4 and §5). We find that the car-
bon star formation efficiency decreases at a rate higher
than expected based on observations in more metal-poor
galaxies, but that the predicted metallicity ceiling for
carbon star formation remains elusive. A forthcoming
paper (Chen et al., in preparation) will explore the re-
sulting constraints to the Padova TP-AGB models.
2. SURVEY DESIGN
We imaged 20 fields within the PHAT footprint with
the WFC3/IR camera on the Hubble Space Telescope
(HST) between July 2016 and Feb 2017 (GO-14072).
Figure 1 displays a map of the fields, which we placed
to sample a wide range in metallicity and age (§2), while
also covering locations with spectroscopically-confirmed
AGB stars (Hamren et al. 2015). We list the field infor-
mation in Table 1, including an estimate of the depro-
jected radius which we compute assuming a position an-
gle of 38◦, inclination angle of 74◦(Barmby et al. 2006),
central position of R.A. = 10.◦68458 and Dec. = 41.◦2692
3Table 1. Field Information & C and M Star Statistics
Field PHAT Bricka RA Dec PA [M/H]b Rdeproj NCc NMc Nspecd
(J2000) (J2000) (E of N) (kpc)
Pilot (0) 3 00:43:21.66 +41:21:55.1 225.◦0 +0.058± 0.010 2.61 9 2511 0
1 5 00:43:18.49 +41:26:10.9 67.◦0 +0.053± 0.011 2.83 7 1971 0
2 5 00:43:18.33 +41:29:29.3 63.◦5 +0.027± 0.017 4.17 5 1254 0
3 7 00:43:31.67 +41:32:28.3 3.◦3 +0.013± 0.019 4.83 11 1224 0
4 7 00:43:40.58 +41:34:56.8 35.◦2 +0.000± 0.022 5.50 6 948 0
5 5 00:43:48.18 +41:26:22.4 65.◦1 +0.023± 0.017 4.34 4 1847 0
6 7 00:44:07.64 +41:30:09.3 65.◦0 −0.001± 0.022 5.56 10 1194 0
7 4 00:43:51.57 +41:19:12.6 32.◦4 −0.030± 0.028 7.00 22 1135 0
8 6 00:44:08.23 +41:22:22.1 66.◦8 −0.045± 0.031 7.77 20 961 0
9 6 00:44:17.65 +41:25:08.6 33.◦8 −0.048± 0.032 7.88 21 933 2
10 8 00:44:39.27 +41:29:32.6 70.◦0 −0.069± 0.036 8.96 31 731 0
11 9 00:44:13.99 +41:37:10.6 34.◦7 −0.012± 0.024 6.08 9 894 1
12 10 00:45:02.84 +41:36:00.3 20.◦0 −0.086± 0.039 9.82 23 686 0
13 11 00:44:57.09 +41:40:46.4 33.◦1 −0.063± 0.035 8.64 12 688 0
14 13 00:44:56.13 +41:46:17.2 272.◦0 −0.066± 0.035 8.82 16 578 0
15 15 00:44:55.97 +41:53:42.8 29.◦0 −0.101± 0.042 10.55 24 578 1
16 15 00:45:17.43 +41:51:13.7 342.◦5 −0.095± 0.041 10.25 35 627 1
17 14 00:45:29.18 +41:46:11.9 33.◦1 −0.105± 0.043 10.75 22 590 1
18 17 00:45:31.47 +41:57:16.3 338.◦0 −0.123± 0.047 11.67 19 448 0
19 16 00:45:42.86 +41:53:48.8 273.◦0 −0.123± 0.047 11.63 26 454 0
20 18 00:46:15.94 +41:57:27.1 280.◦0 −0.164± 0.055 13.68 14 189 5
Note— The pilot program ID is GO-12862, obtained in September 2012; the remaining 20 fields are from GO-
14072, obtained between July 2016 and Feb 2017. The WFC3/IR field of view is 2.′1 × 2.′3. The DOI for this
dataset is: 10.17909/t9-9xwn-et04.
a PHAT Brick (Dalcanton et al. 2012b)
.
b Metallicities are derived using the gradient measured by Gregersen et al. (2015). The uncertainties reflect the
uncertainty in the gradient slope (±0.004 dex/kpc). The absolute metallicities are subject to systematics and
assumptions and may vary by about 0.3 dex consistently across all fields.
c NC and NM are the number of C and M-type giants, respectively (§3.4).
d The number of carbon stars in the field identified via optical spectroscopy from Hamren et al. (2015).
(McConnachie et al. 2005), and distance of 776 kpc (Dal-
canton et al. 2012b).
Data from the pilot program (Boyer et al. 2013) are
also included here, and marked either as ‘pilot’ or ‘Field
0’ in tables and figures (outlined in red in Figure 1).
Observations of the pilot field were taken in Sep 2012
(GO-12862). All analysis here includes a re-reduction of
the pilot field, described in Section 3.
2.1. Metallicity
To study how metallicity affects C/M across M31’s
disk, we adopt metallicities from Gregersen et al. (2015).
That work estimated [M/H] by interpolating isochrones
over 7 million red giant branch (RGB) stars using the
Padova PARSEC1.2s models (Bressan et al. 2012; Chen
et al. 2014; Bressan et al. 2014) and spatially binning
the results. They find an absolute offset compared to
the BaSTI models (Pietrinferni et al. 2007), with the
BaSTI models typically resulting in a metallicity higher
by 0.3 dex over the full metallicity range.
Gregersen et al. (2015) investigated the age-metallicity
degeneracy by testing different fiducial ages with and
without age gradients in the disk. They find that the
slope of the metallicity gradient is not affected by an
4absolute offset in stellar age, but it shifts slightly (by
≈−0.003 dex/kpc) if they assume a typical stellar age
gradient (<|0.1| Gyr/kpc). The absolute metallicity is
anticorrelated with RGB age, decreasing by ≈0.2 dex
with a fiducial age of 12 Gyr. This, along with the off-
set found using the BaSTI models, suggests that while
the relative metallicities between fields are reliable, the
absolute values may vary by up to ±0.3 dex.
While the absolute metallicity is somewhat uncertain,
the spatial gradient in metallicity appears to be more
robust. Overall, the Gregersen et al. (2015) analysis
found a metallicity gradient of −0.020± 0.004 dex/kpc
from ∼ 4–20 kpc, assuming a mean RGB age of 4 Gyr.
The Gregersen et al. (2015) slope is consistent with the
slopes measured using H II regions over the same re-
gion of the disk (Zurita & Bresolin 2012; Sanders et al.
2012), suggesting that the gradient is relatively stable
over a long timescale. Sanders et al. (2012) find no abun-
dance gradient from measurements of planetary nebulae
(PNe), a population with a similar age to TP-AGB stars.
However, they note that selection effects exclude higher
metallicity PNe from their sample and conclude that
the inclusion of metal-rich PNe would likely result in a
metallicity gradient.
We extrapolate the metallicity gradient to the inner-
most fields that were not analyzed in Gregersen et al.
(2015) due to crowding and incompleteness (.3 kpc).
In these inner regions, Saglia et al. (2018) estimated the
metallicities based on spatial maps of absorption line
features fit with simple stellar population (SSP) mod-
els. Their spatial coverage reaches the position of our
pilot program, for which they find [M/H] = −0.05 to
+0.05, consistent with the extrapolated value from the
Gregersen et al. (2015) gradient. We list the adopted
metallicities in Table 1.
2.2. Age
TP-AGB stars have initial masses of ≈0.8–8 M. All
TP-AGB stars are initially M-type, while a subset even-
tually become carbon stars once enough carbon has
dredged up to the surface. At M31’s metallicity, car-
bon TP-AGB stars are predicted to form only between
ages of approximately 200 Myr and 4 Gyr (≈1.5–4.5M;
Karakas & Lugaro 2016), while the rest of the TP-AGB
stars remain M-type. Therefore, we can only expect the
C/M ratio to be a useful diagnostic if the stellar popu-
lation spans the appropriate age range.
Lewis et al. (2015) and Williams et al. (2017) es-
timated the spatially-resolved star-formation history
(SFH) across the disk by fitting stellar evolution mod-
els to PHAT color-magnitude diagrams (CMDs). They
find that there are global star formation events from
≈1.5-4 Gyr and at ages &8 Gyr. The star-forming rings
(Fig. 1) also contain a young component .900 Myr
old. All of our fields contain a population from the
global ≈1.5–4 Gyr event (Williams et al. 2017), which
produced carbon stars with initial masses around 1.5–
2.1 M. We expect the bulk of the carbon stars in M31
to have formed during this event.
The ancient stellar population in M31, which is
smoothly distributed from the bulge to the outer disk
will contribute very few carbon stars. Since the bulge
is dominated by this ancient population, we placed our
innermost fields at a distance that minimizes the con-
tribution of the bulge while also reaching the highest
possible metallicity. Bulge stars are also enriched in He
(e.g. Nataf et al. 2011; Rosenfield et al. 2012), possibly
due to pollution from an earlier population. He enrich-
ment decreases the likelihood of carbon star formation
even further by decreasing the stellar lifetime, result-
ing in fewer thermal pulses and less carbon dredge up
(Karakas 2014). The PHAT optical CMDs (see §3.2)
indicate that all of our fields, including those nearest
the bulge, contain a strong contribution from a young
population (also, Lewis et al. 2015). This suggests that
the inner disk is a strong component in all of our inner
fields, and thus carbon stars are expected to be present.
In addition, we noted in Boyer et al. (2013) that the
bulge is expected to contribute <30% of the integrated
I-band light in our pilot field (Dorman et al. 2012).
Since the I-band is the least susceptible to stochastics
from bright objects (Melbourne & Boyer 2013), the
young inner disk is therefore the dominant population
even in our most central fields.
2.3. Known AGB Stars
The Spectroscopic and Photometric Landscape of An-
dromeda’s Stellar Halo (SPLASH; Dorman et al. 2012)
program obtained thousands of optical spectra (λ ∼
5000–9000 Å) in the disk using the DEIMOS spectro-
graph on the Keck II telescope. They found a total
of 103 carbon stars and 736–1605 M stars, depending
on how they are classified, based on the presence of
CN and TiO absorption features (Hamren et al. 2015).
Our fields contain 11 spectroscopically-confirmed carbon
stars from the SPLASH survey, which provide a useful
test of our photometric classification. These stars are
marked in Figures 1 and 4 and noted in Table 1.
3. DATA & ANALYSIS
3.1. Observations
Each field in Table 1 was imaged with the F127M,
F139M, and F153M filters on WFC3/IR. These filters
are narrow enough (∆λ = 64–69 nm) to sample molec-
ular features in TP-AGB stars and enable classification
into C- and M-type giants (Boyer et al. 2013, 2017).
The WFC3/IR detector reads out continuously and
non-destructively (multiaccum mode1). Here, we use
the SPARS50 readout pattern, which samples the ex-
posure ramp linearly with 50s intervals. Each field is
1 WFC3 handbook: http://www.stsci.edu/hst/wfc3/documents/
handbooks/currentIHB/wfc3_cover.html
5dithered to improve pixel sampling and mitigate effects
from artifacts and/or cosmic rays. The exposures follow
either a 2-pt or 4-pt WFC3-IR-DITHER-BOX-MIN pattern,
which provides optimal PSF sampling. The total com-
bined exposure time is 861.7s for F127M, and 855.9 s
each for F139M and F153M.
3.2. Photometry & Crowding
We used the PHAT photometry pipeline, described
in Williams et al. (2014). Briefly, we apply the point
spread function (PSF) fitting package DOLPHOT (Dol-
phin 2000) to each of the 21 near-IR fields. First, each
CCD readout of each exposure in all of the overlap-
ping PHAT ACS/WFC and WFC3/IR data were run
through the DOLPHOT PSF-fitting photometry rou-
tine along with each CCD readout of the new data.
These single exposure catalogs were then put through
an alignment routine to find a common astrometric so-
lution for all of the exposures. This solution was ap-
plied to all of the headers in the original flat-fielded
and CTE-corrected frames (flc files for WFC exposures
and flt files for IR exposures). The exposures with
updated astrometry were then run through the PyRAF
routine astrodrizzle to generate deep stacked images
and updated pixel masks. The pixels masks and area
corrections were then applied to each CCD readout. Fi-
nally, these individual CCD readouts were simultane-
ously measured using the DOLPHOT PSF fitting rou-
tine, which finds stars using the full stack of all over-
lapping pixels in memory and forcing fits of the PSF at
that sky location in every CCD read. All of these mea-
surements were then combined in each band to optimize
photometric depth.
The resulting photometry catalogs contain the mea-
sured brightness of each detected star along with sev-
eral quality metrics of the measurement. These quality
metrics were then used to clean the catalog of unreli-
able measurements using the gst criteria described in
Williams et al. (2014). However, we found that the
F127M filter contained some spurious detections with
large chi values in the DOLPHOT output. Thus, we
applied an additional criterion of chi < 4 for the F127M
band.
Foreground extinction is low towards M31, especially
in the near-IR. Nevertheless, all photometry presented
in this paper is corrected for a mean foreground extinc-
tion using AV = 0.1922, derived from the Schlegel et al.
(1998) map and assuming RV = 3.1. We adopt Aλ
values listed in Table 2, computed as in Girardi et al.
(2008) using the Cardelli et al. (1989) extinction curve
with RV = 3.1. We also verify that these coefficients
change little (less than 2%) for stars covering a 2500 K
range in Teff .
Example optical and IR medium-band CMDs are
shown in Fig. 2, including the innermost field, outermost
field, and one intermediate field. The optical CMDs il-
lustrate the relative ages of the fields, with log(tage/yr)
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Figure 2. Sample optical and IR medium-band color-
magnitude diagrams for the innermost field, outermost field,
and one intermediate field. The optical CMDs (upper pan-
els) illustrate both the variation in age and differential ex-
tinction. Parsec v1.2S isochrones (Bressan et al. 2012) with
log(tage/yr) =8, 8.5, and 9 and [M/H] = 0.119 are included
in the left panel (yellow lines). Differential extinction ex-
tends the RGB width towards the lower right. The IR CMDs
(lower panels) illustrate a weaker impact from differential ex-
tinction. TP-AGB stars are mostly located above the tip of
the RGB (TRGB), marked by a horizontal black line (§3.3),
and extend towards fainter magnitudes at blue colors.
Table 2. Adopted Aλ
Filter Aλ/AV
(mag)
F475W 1.185
F814W 0.610
F127M 0.274
F139M 0.240
F153M 0.204
F110W 0.337
F160W 0.204
6= 8, 8.5, and 9 Parsec v1.2S isochrones included in the
left panel (Bressan et al. 2012). The optical CMDs also
illustrate the differential extinction, with the RGB width
increasing towards the lower right, most visible in the
red clump at F814W≈24 mag; the extinction is lowest
in the outer fields (e.g., Field 20 in the right panels).
The medium-band CMDs are similar in all fields, with
a smaller impact from differential extinction. TP-AGB
stars occupy magnitudes brighter than F153M≈18 mag
and extend to fainter magnitudes at blue colors (§3.3 &
3.4).
Our most crowded field is the pilot field at 2.6 kpc,
where the stellar density for stars with 18.5 < F160W <
19.5 mag ranges from 1.8–3 per arcsec2. In this regime,
crowding dominates over other photometric uncertain-
ties. Williams et al. (2014) showed that, for this stel-
lar density in the PHAT data, the photometry begins
to be biased slightly towards brighter magnitudes near
19–20 mag in F160W and the RMS uncertainty is near
0.2 mag, with slightly smaller values in F110W. We ex-
pect crowding to affect the photometry at similar limits
in our most crowded fields, with a much weaker effect
in regions farther out in the disk. Figure 3 shows the
median and 1-σ luminosity functions for F153M, the fil-
ter with the lowest resolution and strongest crowding.
The crowding level is similar in most of our fields, with
photometric completeness beginning to decrease around
F153M = 22–23 mag, several magnitudes below the tip
of the red giant branch (TRGB; §3.3). Only 3 fields (the
pilot, 01, and 05) are more crowded than the 1-σ lumi-
nosity function (red lines in Fig. 3), but even these are
complete to &3 mag fainter than the TRGB. Based on
Williams et al. (2014), we expect the RMS error to be
0.1 mag or less in all but the inner ∼3 fields (in crowd-
ing order: the pilot field, field 1, and field 5). Since our
C and M star selection criteria (§3.4) are restricted to
stars brighter than the TRGB and well above the com-
pleteness limit, the uncertainties on the number of AGB
stars are dominated by Poisson statistics rather than
crowding or sensitivity limits.
3.3. TRGB
We must first select the TP-AGB stars before we can
identify C- and M-giant stars. We do this by selecting
stars that are brighter than the TRGB in at least one
of the near-IR filters.
The RGB in our data is well-populated and unaffected
by incomplete photometry to approximately 3 mag be-
low the TRGB. We therefore follow the procedure de-
scribed in Méndez et al. (2002) to measure the TRGB
in each filter. We begin by constructing a luminosity
function using a Bayesian optimization method to se-
lect the bin size.2 To minimize the contributions from
2 http://docs.astropy.org/en/stable/api/
astropy.stats.knuth_bin_width.html
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Figure 3. Median F153M luminosity function and 1-σ range
(shaded region), normalized to the TRGB. Only 3 fields (the
pilot, and fields 01 and 05; in red) have luminosity functions
that fall below the shaded region, indicating a higher level
of incompleteness at faint magnitudes due to crowding. The
thin blue line shows field 20, which is at the largest galactic
radius and should therefore have the least amount of crowd-
ing among our fields.
foreground and main sequence stars to the luminosity
function, we only include stars with F127M−F153M >
0.1 mag. Next, we pass the Gaussian-smoothed lumi-
nosity function through a Sobel edge-detection filter to
detect the TRGB, i.e., where the number of sources
drops. We perform 500 Monte Carlo resampling tri-
als to test the effect of random photometric errors and
random variations in the bin sampling of the luminosity
function. The resulting TRGBs, measured using all 21
fields simultaneously to avoid stochastics, are listed in
Table 3.
The near-IR TRGB is known to vary with age and
metallicity (e.g., Dalcanton et al. 2012a; McQuinn et al.
2017, 2019), and thus may not be constant across M31’s
disk. In Table 3, we include the difference in the
TRGB (∆TRGB) measured from the two innermost
fields (∼2.7 kpc, [M/H] ∼ +0.05) and two outer fields
(∼11.6 kpc, [M/H] ∼ −0.12). Given the relatively small
range in metallicity, the TRGB difference between these
two extremes is likewise small in all filters, less than
0.05 mag and typically on the order of the 1-σ uncer-
tainties. By using the TRGB in all five filters to select
the initial sample of stars, we avoid any biases caused
by differences in environment.
Most TP-AGB stars are brighter than the TRGB,
though some can be fainter for the following reasons: (1)
they are at the luminosity dip that characterizes the ini-
tial fraction of a thermal pulse cycle (Boothroyd & Sack-
mann 1988); (2) they have enough circumstellar dust to
cause self-extinction; and/or (3) they have strong molec-
ular absorption, with the particular molecule dependent
on the filter. In our case, water absorption in M-giant
7Table 3. TRGB
Filter λpivot TRGB 1σ ∆TRGB
µm (mag) (mag) (mag)
F127M 1.27 18.80 0.04 0.05
F139M 1.38 18.66 0.03 0.03
F153M 1.53 18.27 0.01 0.05
F110W 1.15 19.28 0.02 0.01
F160W 1.54 18.28 0.02 0.01
Note— The TRGB is measured using all 21
fields simultaneously. The ∆TRGB measure-
ment is the absolute difference in the TRGB
measured in two outer fields combined (Fields
18 & 19) and the two innermost fields com-
bined (Fields 0 & 1); see text. Pivot wave-
length is the effective filter wavelength, as
quoted in the WFC3/IR handbook.
stars is the dominant effect causing TP-AGB stars to
be fainter than the TRGB, since the broad water fea-
ture at 1.4 µm is covered to some degree by F139M,
F153M, F110W, and F160W (see Fig. 1 in Boyer et al.
2013). F127M has the least overlap with this water fea-
ture and inspection of our data confirms that it has the
fewest TP-AGB stars below its TRGB.
3.4. C and M Star Classification
To identify C- and M-type giants, we start by iso-
lating the bulk of the TP-AGB stars by selecting stars
that are brighter than the TRGB in at least one of the
filters listed in Table 3. Next, we use the color-color di-
agram (CCD) in Figure 4 to divide the TP-AGB stars
into C-type and M-type. This technique is described in
detail in Boyer et al. (2013, 2017); it takes advantage
of water absorption in M-giant stars and CN+C2 ab-
sorption in carbon stars to create a remarkably clean
separation of these stellar types in the medium-band fil-
ters. We largely use the color cuts from Boyer et al.
(2017), illustrated in Figure 4, which isolate all M stars
later than type M0. Main sequence, foreground, and
K-type stars in our sample are removed by excluding
objects on the lower-left region of the CCD. M31’s high
metallicity leads its stars to have lower stellar temper-
atures, favoring the formation of cooler M-type stars
over K-type stars on the AGB. As a result, many of the
M31 CCDs show a clear gap between M-type and K-
type stars near F139M−F153M = 0.3 mag that was not
seen in the metal-poor galaxies from Boyer et al. (2017)
(e.g., Fields 0, 1, 2, 4, 6, 8, 14, & 20 in Figs. 12 and
13). We use this gap to slightly adjust the M star box
down from the F139M− F153M = 0.35 mag adopted by
Boyer et al. (2017) to F139M− F153M = 0.3 mag. Ta-
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Figure 4. Medium-band color-color diagram showing the
separation of C and M giant stars (solid line). We include
only the 21,460 stars that are brighter than the TRGB in at
least one of the filters listed in Table 3. Objects in the lower
left box include contaminating objects (foreground, main se-
quence stars, and K-type AGB stars). Water absorption in
M stars increases along the sequence towards the upper left,
with late-type M giants showing the strongest water absorp-
tion (stars of type later than M5 are marked with a dashed
line). Atmospheric C/O in C stars approximately increases
towards the lower right. Circumstellar dust moves stars up
and to the right while maintaining the separation between
C and M stars (Boyer et al. 2017). Known C stars from the
SPLASH program are marked by cyan triangles (Hamren
et al. 2015).
ble 1 shows the resulting C and M star counts for each
field.
The TRGB cuts used to select the initial subset of
stars in Figure 4 may be missing a small fraction of TP-
AGB stars. For example, the dustiest objects are faint
or even undetected at 1.5 µm from self extinction. How-
ever, these objects are .5% of the total TP-AGB popu-
lation and thus have only a small effect on C/M (Blum
et al. 2006; Boyer et al. 2011, 2017). The fraction of very
dusty stars does not appear to change much with metal-
licity, with both the LMC and SMC showing similar
fractions, and thus M31 is not expected to be strongly
affected. In addition, models suggest that dust produc-
tion by C stars may be independent of metallicity (e.g.,
Nanni et al. 2013), also removing concerns that M31’s
stars would be preferably dust enshrouded. Ideally, Mid-
IR data would produce a complete TP-AGB census that
includes all dust-producing stars, but in practice most
estimates of C/M throughout the Local Group (e.g,.
Brewer et al. 1995; Battinelli & Demers 2005; Boyer
et al. 2017; Cioni 2009, and references therein) use opti-
cal and/or near-IR data, and therefore also exclude the
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Figure 5. Left: We recover objects that are fainter than
all five TRGBs due to deep water absorption by checking
objects in the blue box, shown here for Field 09. The dashed
line is the F153M TRGB. Right: Objects in the blue box on
the left are plotted as open cyan circles, along with other C
and M type stars. A handful of M stars in each field were
recovered this way.
most extreme dusty objects that could be missing from
this study of M31.
In addition to the dustiest objects, the starting TRGB
criterion also misses a small number of sub-TRGB M
giant stars with strong water absorption (§3.3). To re-
cover these stars, we investigate sources in the blue box
in Fig. 5. The lower and right-hand edges of the box are
set to minimize the contamination from main sequence,
foreground, and K-type stars; remaining interlopers are
eliminated when plotted on the medium-band CCD. In
total we recover 96 sub-TRGB M stars, which is .1%
of the M giant population.
3.4.1. M Star Definition
Different M star definitions can make it challenging
to compare the results from other C/M studies. In the
metal-rich regime, different definitions can change the
measured C/M by factors of ∼1.5–4. Hamren et al.
(2015) provide a comparison of the M-giant star defi-
nitions in M31 from Boyer et al. (2013), Brewer et al.
(1995), and Battinelli & Demers (2005). The B95 and
BD05 studies use a bolometric magnitude derived from
V , R, and I photometry to select the M-giant stars, as
opposed to the near-IR TRGB method used here. The
result is a dramatically different sample of M stars and
a wide range in C/M. The definitions in B95 and BD05
are defined as:
V − I >1.8,
I >18.5,
Mbol <− 3.5,where
Mbol =I + 0.3 + 0.34(V − I)
− 0.14(V − I)2 − (m−M)0,

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Figure 6. Top: Optical CMDs of Field 07, showing the M-
giant population that results from the near-IR TRGB selec-
tion used here (left) and the Mbol selection used by B95 and
BD05 (middle, right). Middle: Same, but for the near-IR
CMDs. Bottom: The associated medium-band HST CCD
showing the total number of M-giant stars (NM) for each
strategy. All blue points in each CCD would be included in
a C/M ratio, with B95 and BD05 including contaminating
sources in the lower left box among their M star numbers.
By restricting to Mbol derived from optical filters, late-type
M stars with strong optical TiO absorption (and thus strong
near-IR H2O absorption) are excluded. This exclusion has
an effect on C/M that is worse for higher metallicity fields
that have a higher fraction of late-type M giants.
R− I >0.9,
Mbol <− 3.5,where
Mbol =I + 1.7− 2.3(R− I)+
1.7(R− I)2 − 0.4(R− I)3−
(m−M)0.

BD05 (2)
The resulting M star populations are illustrated for
Field 7 in Fig. 6, using transformations from F814W and
F475W HST magnitudes to V -, R-,and I-band magni-
tudes (Fluks et al. 1994; Sirianni et al. 2005; Hamren
et al. 2015). By restricting the bolometric magnitude
9of the sample (causing the sharp cut in blue points in
the top middle/right panels of Fig. 6), a large number
of late-type M stars with strong TiO absorption at 0.4–
1 µm are excluded from the cuts, resulting in a ∼30–
60% reduction in the total number of M stars compared
to this work. By using the near-IR TRGB, especially
in filters that are less susceptible to H2O absorption,
our selection recovers these late-type M stars. The B95
and BD05 techniques also result in higher contamination
from K-type stars, as indicated by the higher number of
sources in the lower-left boxes of the CCDs in Figure 6.
Unlike in M31, late M-giant stars are rare in metal-
poor environments ([M/H] < −1; Boyer et al. 2017). As
a result, all three M star definitions give similar C/M
values in metal-poor galaxies, allowing for direct com-
parisons among multiple studies (§5.1).
4. RESULTS
Here we present our results, first the discovery of a
potential new metallicity diagnostic (C/O), then C/M
across M31, which we expand on in Section 5.
4.1. C/O and Metallicity
The ratio of atmospheric carbon to oxygen (C/O) in-
creases with each dredge up event; if C/O>1, a star is
considered a carbon star. While a population at a given
metallicity can span a wide range in C/O, a metal-rich
population should show a lower C/O on average due to
less efficient dredge up and a higher oxygen abundance.
Our medium-band filter set samples the strength of
carbon features, and thus we can potentially use the
medium-band colors as an approximate proxy for C/O
in carbon stars. Carbon star atmosphere models from
Aringer et al. (2009, 2016) predict that C/O increases
roughly for C stars from the upper left to the lower
right in the C star box of the medium-band CCD in Fig-
ure 4. We test this in figure 7, which shows the median
F127M−F139M color of C stars plotted against metallic-
ity. While the numbers are low in the most metal-rich
regions, there is a clear trend for lower metallicity re-
gions to have redder median colors. This suggests that
the median F127M−F139M color of a C star population
could be an efficient diagnostic for identifying metal-rich
populations and for tracking metallicity gradients across
galaxies. The best fit to the trend in Figure 7 is:
(F127M − F139M)med = 0.39− (0.52× [M/H]). (3)
We note that, while both the C/O proxy and the metal-
licity in Figure 7 are derived from stellar colors, these
measurements are independent. Metallicity is measured
using the optical colors of RGB stars (§2.1), and C/O is
estimated using the near-IR colors of TP-AGB stars.
This relationship may be less reliable in populations
that have a high fraction of very dusty C stars. A large
dust mass veils molecular features, causing C stars to
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Figure 7. Atmospheric C/O proxy using the median
F127M−F139M color of C stars for each field. The outliers
at the high and low metallicity ends are Fields 1 and 20, re-
spectively. The fitted line (Equation 3) excludes those fields.
Metallicity is from Gregersen et al. (2015), see Section 2.1.
move to the upper right of the C star box marked in
Figure 4. However, most galaxies studied show that
stars this dusty comprise .5% of the C star population
(Boyer et al. 2011; Srinivasan et al. 2016; Boyer et al.
2017).
4.2. C/M Across M31
TP-AGB models predict that C/M decreases with in-
creasing metallicity (Karakas et al. 2002; Marigo et al.
2013; Choi et al. 2016). This trend is caused both by
a higher abundance of free oxygen in metal-rich stellar
atmospheres available to bind any carbon into the CO
molecule and by lower dredge up depth resulting in less
carbon transported to the surface. Figure 8 shows that
in M31 C/M indeed decreases smoothly with increasing
metallicity in our fields. Several other studies have also
observed C/M in M31, both in the northeast disk (5–
18 kpc; Hamren et al. 2015) and along the southwest
axis (5–40 kpc; Brewer et al. 1995; Battinelli et al. 2003;
Nowotny et al. 2001). These studies also show a decrease
with C/M at lower galactocentric distances, and there-
fore at higher metallicities, but with a shallower slope
than what we see in our fields. Here, we find a slope
of ∆ log(C/M)∆[M/H] ∼ −6.5. When fit on their own, the Bat-
tinelli et al. (2003), Brewer et al. (1995), Hamren et al.
(2015) data show slopes of −2.87, −2.23, and −2.63, re-
spectively. This slope discrepancy is discussed further
in Sections 5.1 and 5.1.2.
Most TP-AGB models also predict a metallicity ceil-
ing above which carbon stars cannot form (Karakas et al.
2002; Marigo et al. 2013; Choi et al. 2016), though the
exact metallicity of this limit has yet to be observation-
ally confirmed. While C/M is smoothly declining to-
wards the highest metallicity fields in our survey, we see
no hint of a sharp cut-off in C/M in Figure 8 despite the
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Figure 8. C/M vs. metallicity. The error bars on C/M
reflect Poisson uncertainties. Error bars for [M/H] are not
included for clarity, but are discussed in more detail in §2.1.
C/M decreases smoothly as metallicity increases, with no
hint at a sharp C star metallicity ceiling in these fields. The
lowest and highest metallicity fields are marked with the field
number.
higher metallicities reached by our fields compared to
previous studies (∼4–8× higher [M/H]). Nevertheless,
the C/M ratio in the innermost fields reveal an incredi-
bly low carbon star formation efficiency, with fewer than
10 carbon stars forming among 1000–2500 M giant stars
in Fields 0–5.
5. DISCUSSION
5.1. Approaching a Metallicity Ceiling?
While no abrupt metallicity ceiling is apparent in Fig-
ure 8, placing the data in the context of other nearby
star-forming galaxies shows that M31 is operating in a
regime that is distinct from that of its more metal-poor
counterparts. In Figure 9, we show C/M vs. [M/H]
for star-forming galaxies from Groenewegen (2006) and
Boyer et al. (2017). The M31 data fall well below the
C/M extrapolated from the more metal-poor galaxies,
by more than a factor of 10 in our innermost fields. A fit
to C/M vs. [M/H] reveals a slope of ∆ log(C/M)∆[M/H] ∼ −1.1
for the metal-poor galaxies, compared to a slope of −6.5
for the M31 fields.
This change in slope points to a shift in the dredge-up
efficiency in M31 TP-AGB stars. One result of less effi-
cient dredge up is lower yields of the products from TP-
AGB nucleosynthesis. TP-AGB stars are major contrib-
utors of light elements (C, Ne, N, Na, O, Mg, F, Al) and
the main contributors of s-process elements (Rb, Ba, Sr,
La, Y, Ce, Zr, Pb) (Cristallo et al. 2011; Fishlock et al.
2014). Lower yields of these elements will affect the sub-
sequent chemical evolution of the host galaxy. Moreover,
the severe lack of carbon stars will result in a lack of car-
bon dust formation, affecting the galactic dust budget.
Having fewer C stars also has consequences for a galaxy’s
integrated light, especially in the rest-frame near- and
mid-IR (e.g. Boyer et al. 2011). Given that TP-AGB
stars are responsible for up to 70% of a galaxy’s inte-
grated light (Melbourne et al. 2012; Melbourne & Boyer
2013), this shift in the color can have a major impact
on the appearance of galaxies.
5.1.1. Disentangling the roles of Age and Metallicity
The fraction of carbon stars is sensitive to the age
of the population as well as the metallicity, making the
driver of the C/M trend seen in §4.2 uncertain. Most
galaxy disks are thought to form inside-out, resulting in
both older ages and higher metallicities in their centers.
As a result, it can be challenging to decouple these two
parameters when tracking C/M across a disk. Carbon
stars are predicted to form only in a narrow age range
of approximately 200 Myr to 4 Gyr, whereas M-type
TP-AGB stars can have ages anywhere from 55 Myr
to 13 Gyr (Karakas & Lugaro 2016). These mass dif-
ferences make the C/M ratio sensitive to the relative
star-formation rates over these epochs. It is therefore
possible that at least some of the trend in C/M in Fig-
ure 8 could be due to a variation in age rather than a
variation in metallicity.
While it appears that all of our fields include ages that
produce carbon stars, we can further assess the age of
our fields and how it affects C/M by calculating an age
proxy: the ratio of TP-AGB stars to RGB stars. This
fraction is expected to be lower in populations with a
higher fraction of old stars because the TP-AGB phase
has a limited lifespan (.3 Myr, e.g., Kalirai et al. 2014;
Cristallo et al. 2015). We define NAGB as the combined
number of M and C stars, and NRGB as the number of
stars below the TRGB with F814W − F110W > 0.5 to
avoid young main sequence stars and F110W < 22 mag
to avoid issues with crowding and incompleteness. The
resulting age proxy is plotted against deprojected radius
in Figure 10. As expected, the innermost fields are older
than the outer fields, on average. We also see a hint of
a younger population in the 5 kpc star-forming ring.
This age proxy is plotted against C/M in the right-
hand panel of Figure 11. Both age and metallicity show
a strong correlation with C/M in our fields, which was
also shown in the outer regions of M31 by Hamren et al.
(2015). The correlation matrix derived using a Spear-
man rank correlation coefficient shows that the degree
of correlation between C/M and [M/H] is higher (96%)
than between C/M and age (82%). Therefore, while age
is clearly important, metallicity is the stronger effect
on C/M in M31. A detailed analysis that takes M31’s
star-formation history into account is being pursued in
a forthcoming paper (Chen et al., in preparation).
5.1.2. Ruling out Differences in C/M Measurement
Techniques
One could be concerned that the change in slope in
Figure 9 is due to differences in classification strategies.
In contrast to our near-IR HST technique, most carbon
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Figure 9. C/M ratio across the Local Group. Nearby star-forming dwarf galaxies are marked by red circles (Boyer et al. 2017)
and cyan triangles (Groenewegen 2006). M31 data on the southwest side of the disk are marked by purple squares (Brewer et al.
1995) and yellow triangles (Battinelli et al. 2003), and the C/M from this work in the northeast side of the disk is marked by
small blue dots. The red circles and blue dots were both measured using the HST medium-band technique to identify carbon
stars, while the yellow triangles and cyan squares use optical narrow-band filters. Error bars reflect Poisson uncertainties. The
dashed line and red shaded region mark the best fit and 1-σ error for the dwarf galaxies, and the dotted line and blue shaded
region mark the same for our fields in M31 (blue points only). The gray shaded region marks the C/M vs. metallicity slope
measured in the outer disk of M31 by Hamren et al. (2015) using spectroscopy to identify carbon stars. It is clear that M31 does
not follow the trend set by the more metal-poor galaxies, indicating that the carbon star formation efficiency drops substantially
at high metallicity.
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Figure 10. NAGB/NRGB as a population age proxy, plotted
against deprojected distance. Lower values of NAGB/NRGB
indicate an older population. The 5 and 10 kpc star-forming
rings are marked with dashed lines. As expected, the inner
fields are generally older than the outer fields.
star surveys in the Local Group use optical narrow-band
filters centered on CN and TiO bands to identify carbon
stars, including data from Brewer et al. (1995), Bat-
tinelli et al. (2003) and Groenewegen (2006). We must
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Figure 11. C/M vs. an age proxy (NAGB/NRGB), with
error bars reflecting Poisson uncertainties. Both the age
and metallicity are correlated with C/M, though metallic-
ity shows the stronger correlation. In both panels, the low-
est and highest metallicity fields are marked with the field
number.
therefore verify that our HST medium-band data can be
directly compared to the optical CN/TiO data.
The major difference among these strategies is the
identification of M giant stars, as noted in Section 3.4.1.
Another notable distinction lies in the fact that the opti-
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cal data are not sensitive to stars with a high amount of
optical extinction from circumstellar dust, which pushes
both M-giants and C stars below the TRGB. However,
stars dusty enough to veil molecular features are rare
(typically <5%; Boyer et al. 2011; Srinivasan et al. 2016;
Boyer et al. 2017), so the effect on C/M is expected to
be small.
Despite these differences, C/M measured using both
near-IR and optical techniques agree very well in metal-
poor galaxies (red circles and cyan triangles in Fig. 9).
This agreement is due to a lack of late-type M giants
in metal-poor galaxies and to weaker TiO absorption in
metal-poor stars at a given Teff , minimizing the effect of
the M star definition on C/M. Metal-poor M giants fall
along a warmer Hayashi line (Marigo et al. 2013), rarely
reaching spectral types later than approximately M3,
though a few exceptions exist in the Magellanic Clouds
(Marshall et al. 2004; van Loon et al. 2005; Goldman
et al. 2017). Since only late-type M giants fall below
the TRGB in Figure 6, the C/M ratio remains largely
unaffected by details of choices of M star selections at
low metallicity.
In contrast, the disagreement in C/M grows at the
high metallicity end, resulting in the different values
measured by different surveys in M31 (note especially
the offsets between this work, Brewer et al. (1995), and
Hamren et al. (2015) in Fig. 9 at [M/H] > −0.25). Nev-
ertheless, both techniques indicate a shift to a steeper
C/M slope in M31 compared to metal-poor galaxies, an
effect that was not noted in the previous M31 studies
despite, e.g., the Brewer et al. (1995) data showing a
shift in slope in their 2 innermost fields. We therefore
do not believe that the change in slope in M31 is due to
sample selection.
5.2. Constraining Carbon Star Formation Efficiency
As already noted, TP-AGB models predict a maxi-
mummetallicity limit for carbon star formation. The ex-
act limit is dictated by uncalibrated model details, and
is caused by a higher oxygen abundance, less-efficient
dredge up, and a late onset of the third dredge-up.
These characteristics prevent atmospheric C/O from ex-
ceeding unity before mass loss terminates the TP-AGB
phase (Karakas et al. 2002; Marigo et al. 2013). Our re-
sults show that the metallicity ceiling is a gradual shift,
rather than an abrupt limit. An inflection point in car-
bon star formation efficiency, as indicated by the change
in C/M slope in Figure 9, falls between the metallici-
ties of the LMC and M31’s disk, suggesting that M33
could be an interesting environment in which to probe
this transition, given its intermediate metallicity. The
Brewer et al. (1995) and Battinelli et al. (2003) data,
and perhaps even Field 20, already show a hint that this
transition occurs in the outermost region of M31’s disk,
possibly between the 10 kpc and 15 kpc rings (Fig. 1).
On the high metallicity end, a hard limit for carbon
star formation remains elusive. Observations nearer to
M31’s bulge are likely the best chance at identifying
a limit since more distant galaxies suffer from severe
crowding and since the motion of large convective cells
on the stellar surface result in uncertain Gaia distance
estimates to TP-AGB stars in the Milky Way (Chiavassa
et al. 2011, 2018).
6. CONCLUSIONS
We have surveyed 20 fields in the disk of M31 (R =
2.6–13.7 kpc) with HST’s WFC3/IR camera to iden-
tify and classify TP-AGB stars. We use the medium-
band filters described in more detail in Boyer et al.
(2013, 2017) to separate carbon-rich (C) from oxygen-
rich (M) TP-AGB stars and find that the ratio of the two
(C/M) decreases rapidly with galactic radius, resulting
in a C/M that is more than a factor of 10 lower than
predicted by observations in more metal-poor galaxies.
The shift to a more rapid decline in C/M with [M/H]
appears to occur just beyond the 10 kpc star-forming
ring, corresponding to [M/H] > −0.1 dex when assum-
ing the metallicity gradient derived by Gregersen et al.
(2015). Despite this rapid decline in C/M, carbon stars
are still (inefficiently) forming in M31 even at 2.6 kpc
([M/H] ∼ +0.06). These observations provide a robust
constraint to models of TP-AGB stars, though the pre-
dicted metallicity ceiling for carbon star formation re-
mains elusive.
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Figure 12. Medium-band IR CCDs for Fields 0–11. As in Figure 4, only stars brighter than one of the near-IR TRGBs are
included. Solid lines separate M-type from C-type TP-AGB stars and other contaminating sources (Foreground, main sequence,
and K-type). Stars to the left of the dashed line are late-type M giants (later than M5).
APPENDIX
A. IR MEDIUM-BAND COLOR-COLOR DIAGRAMS
We include here the color-color diagrams (CCDs) constructed from all 21 fields, including the pilot field (Field 0).
Figure 4 combines all fields into a single CCD.
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Figure 13. Same as Figure 12, for Fields 12-20.
